CD44 is important during myelopoiesis, although the contributions of variant CD44 proteins are unclear. We show here that in human long-term bone marrow culture antibodies recognizing a CD44 NH 2 -terminal epitope (mab 25-32) or a CD44v6 epitope (mab VFF18) inhibit myelopoiesis. However, mab 25-32 but not mab VFF18 affects myeloid colony formation. These data suggest that an early precursor cell compartment is the target for the 25-32 antibody, whereas the mab VFF18 targets later stages in myelopoiesis. 
Introduction
The CD44 transmembrane glycoproteins are structurally diverse in their extracellular domains due to extensive alternative splicing of variant exons (nine in humans [1, 2] ). Further diversity is created by differential glycosylation (3, 4) . The extracellular domains of CD44 proteins interact with several components in the extracellular matrix including hyaluronate (HA; 1 5, 6 ) and with growth factors such as osteopontin (7) or fibroblast growth factors (8) . Diversity and domain structure suggest that the CD44 proteins are involved in several functions. While the smallest protein containing no variant exon encoded sequences (CD44s; "hemopoietic" or standard isoform) is expressed in many different cell types including cells of the hemopoietic system, the occurrence of larger splice variants is restricted in time and/or location, suggesting that they exert more specialized functions. Upon activation of lymphocytes, CD44 levels are increased, and larger splice variants are synthesized transiently (9, 10, 11) . In agreement with a role in proliferation control, a Thy-1 promoter-regulated CD44v4-v7 transgene accelerates and enhances lymphocyte activation (12) and bone marrow repopulation (13) . This latter result triggered our interest in a possible involvement of CD44 proteins in normal hemopoiesis.
The development of mature blood cells is a highly regulated process during which undifferentiated pluripotent stem cells develop into different hemopoietic lineages. It is the stromal microenvironment consisting of stromal cells and extracellular matrix that is thought to regulate the future fate of stem cells and committed progenitors along specific lineages. The interaction between progenitor cells and the microenvironment is likely mediated by growth factors/growth factor receptors, by cell adhesion molecules and their cell-bound ligands, as well as by components of the extracellular matrix.
In bone marrow, HA and CS-A account for the majority of extracellular matrix constituents (14) (15) (16) , and a CD44-dependent HA binding activity of CD34 ϩ hematopoietic progenitors has been shown (17) . We explore here the role of different CD44 isoforms during hemopoiesis in humans. Antibody interference experiments in long-term bone marrow culture (LTBMC) indicate a role for several CD44 proteins, including variant proteins in the generation of myeloid cells. Leukemic precursor cell lines express CD44 variant proteins at least when they are stimulated to differentiate towards the myeloid lineage. The major CD44 protein appears to be CD44v4-10. We have characterized properties of CD44 proteins on these cell lines. These proteins mediate efficient binding to HA, which in time results in binding to the stromal cell line MS-5. CD44 variants but not standard proteins bind specifically to CS-A, but in contrast to HA, this binding does not mediate cell adhesion. treated with 10 ng/ml PMA for various periods of time as stated in the figure legends. HL-60 cells were induced to differentiate towards other lineages by adding to the medium either retinoic acid (1 mM; Sigma Chemical Co., St. Louis, MO) or DMSO (1.25%; Fluka Chemie AG, Buchs, Switzerland). Glycosylation was inhibited by the addition of 5 g/ml tunicamycin (Sigma). Differentiation of cells was monitored by morphological criteria such as adhesive properties, by their capacity to reduce nitroblue tetrazolium (20) or by the appearance of surface antigens such as CD41 as a marker for the megakaryocytic lineage.
Isolation of mononuclear cells (MNCs). Human bone marrow was collected from the crista illiaca posterior superior by puncture. MNCs were isolated by density gradient centrifugation. In brief, bone marrow cells were diluted in PBS, and 5 ml of the cell suspension was layered gently onto 5 ml of 1.077 g/ml Ficoll. Preparations were centrifuged at room temperature and 400 g for 30 min. MNCs were harvested at the interface and washed twice in IMDM supplemented with 10% FCS.
LTBMC. MNC were diluted to a final concentration of 1.5-2 ϫ 10 6 cells/ml in LTBMC medium (10% horse serum [Linaris], 10% FCS, 5 ϫ 10 Ϫ 7 M hydrocortisone [Sigma] in IMDM). The cell suspension was inoculated into 6-well plates and incubated at 33 Њ C and 5% CO 2 . At intervals of 7 d, half of the growth medium containing nonadherent cells was removed, and fresh medium was added to keep the volume constant. The cells harvested at the time of feeding were counted, and the number of clonogenic cells was determined. To study the effect of antibodies LTBMC assays were performed in the presence of 10 g/ml of dialyzed mAbs VFF18 or 25-32 (21) as indicated in the figure legends.
CFU assay. Cells collected from LTBMC were counted and plated into 24-well plates at a concentration of 2 ϫ 10 4 /ml in methyl cellulose containing 30% FCS, 1% BSA, 10 Ϫ 4 M 2-mercaptoethanol, 2 mM L -glutamine (StemCell Technologies, Vancouver, Canada), and 15% conditioned medium from 5,637 (ATCC HTBg) cells as a source of cytokines. The plates were incubated at 37 Њ C in a humidified atmosphere of 5% CO 2 for 10 d before scoring.
Isolation of polyA ϩ mRNA, RT-PCR, and exon run-on analysis. PolyA ϩ mRNA was isolated from cells according to standard procedures (22) . RT-PCR and CD44 exon run-on analysis were performed as described (23). This method allows the identification of the exon composition of expressed CD44 isoforms. Different exon specific 5 Ј primers, together with a constant 3 Ј primer are used to identify the presence of variant exons. In brief, cDNA was synthesized from 0.5 g polyA ϩ RNA and a PCR preamplification step was used to obtain all possible CD44 PCR products using primers (5 Ј primer C12A and 3 Ј primer C13; 23) in the constant region. PCR conditions: 25 cycles of 60 s at 94 Њ C, 60 s at 56 Њ C, and 90 s at 72 Њ C in a volume of 50 l. Exon-specific amplifications were performed using the same conditions but 1 l of the preamplification as a template and for each CD44v exon a specific 5 Ј primer (C13, pv2-pv10) and a constant 3 Ј primer (C2A; 23). The PCR amplification products were resolved on a 1% agarose gel.
Flow cytometry. Antibodies mAb IM7.8.1 (ATCC TIB235), mAb Hermes-3, and mAb Hermes-1 (24) recognize N-terminal epitopes of CD44; mAb VFF18 (Bender, Vienna, Austria) recognizes an epitope encoded by variant exon v6 of human CD44 (25) , respectively. Source of other antibodies are as follows: mAb CD41, mAb CD54-PE (Biozol, Munich, Germany), mAb CD34-PE (HPCA-2; Dako, Glostrup, Denmark), polyclonal rabbit serum, which is supposed to recognize RHAMM (kindly provided by Dr. M. Hofmann, Karlsruhe), Cy-Chrome™ labeled mAb IM7.8.1, goat F(ab Ј ) 2 antimouse FITC IgG (Southern Biotechnology Association, Birmingham, AL), goat anti-mouse IgG-PE, mouse anti-rat IgG-PE, streptavidin-PE, isotype controls (PharMingen, San Diego, CA), and biotinylated F(ab Ј )2 swine anti-rabbit Ig (Dako). Rooster comb HA (Sigma) and chondroitin sulphate A (CS-A; Fluka) were biotinylated or FITC labeled as previously described (26) . For flow cytometry, 10 6 cells were stained using either first antibody, biotinylated HA, or biotinylated CS-A at a concentration of 0.1 mg/ml on ice for 30 min. Phycoerythrin labeled secondary antibodies or streptavidin-PE were added after three washes in FACS buffer (PBS, 3% FCS, 0.01% NaN 3 ), and cells were kept on ice for an additional 30 min. After washing, cells were analyzed on a Becton Dickinson (San Jose, CA) FACStar Plus cytometer according to standard procedures.
Cell adhesion assays. MS-5 cells (19) were grown to subconfluent density in 24-well plates (Costar, Cambridge, MA) and washed three times in PBS. One million myeloid cells, treated as stated in the figure legends, were added and suspended in medium or PBS, 5 mM EDTA. 20 min before addition onto the MS-5 cell layer, myeloid cells were treated in medium containing 5 mg/ml of the dye bisbenzimide (Höchst 33342; Calbiochem, Lucerne, Switzerland). The plates were agitated on a shaker at 30 rpm and room temperature for 30 min. Nonadherent cells were washed off, and adherent cells were analyzed by microscopy. Where indicated, CS-A or HA were added at 0.5 mg/ ml to the adhesion assay or MS-5 cells were pretreated with hyaluronidase (5 U/ml; Sigma) at 37 Њ C for 30 min, before addition of myeloid cells. In cases where cells formed self-aggregates, the aggregates were allowed to adhere at a reduced shaking rate (10 rpm) for an additional 15 min to compensate for the increased shearing forces, before washing off the nonadherent cells.
CPC precipitations. Confluent cells on 10-cm plates were washed three times in PBS. The cells were then lysed in 1 ml 0.5% Triton X-100, PBS, 1 mM PMSF and incubated on ice for 15 min. The lysate was then centrifuged at 10,000 g for 5 min to remove insoluble material. Aliquots of lysate (100 ml) were subjected to CPC precipitations (27) by using 50 l of 1 mg/ml aqueous solutions of HA and CS-A (Sigma). As a positive control, 10 l of nontreated lysate was run out alongside the CPC precipitations on SDS PAGE. Gels were blotted and probed with 5 g/ml Hermes 3 antibody (a kind gift of Dr. S. Jalkanen, Turku) as described (24) .
Results
Essential CD44 functions in the maturation of myeloid progenitors in LTBMC. To investigate whether CD44 proteins are essential during human hemopoiesis, we decided to exploit human LTBMC, which allows the study of several subsequent steps during myelopoiesis, including the formation of the hemopoietic stromal cell microenvironment, the development of "cobblestone" areas, which are centers of hemopoietic stem cells, and the production of differentiated cells in the supernatant. We compared the development of myelopoietic cells in LTBMC in the absence or presence of specific antibodies. At each weekly feeding, half of the culture medium containing nonadherent cells was collected, and the number of cells was counted. The mAb 25-32 which recognizes an NH 2 -terminal epitope in all known CD44 proteins, inhibited the yield of nonadherent myeloid cells over the whole period of incubation, while an isotype control did not ( Fig. 1 A ) . In a separate series of experiments, the mAb VFF18, which recognizes an epitope encoded by CD44 exon v6, also inhibited the yield of nonadherent cells (Fig. 1 B ) .
The reduced cell production may be due to an interference by the antibodies with one of many steps of myelopoiesis in the LTBMC. For example, the antibodies may interfere with the formation of an appropriate stromal cell layer. However, no difference in the stromal cell layers could be detected microscopically with either antibody (not shown). The cobblestone areas, the first signs of successful stem cell proliferation and interaction with stromal cells, were not affected by mAb VFF18 but strongly inhibited by mAb 25-32 ( Fig. 1 E ) . Thus, the mode of inhibition by the one antibody is different from that of the other. This suggests that there are two steps involving CD44 action: before (inhibited by [25] [26] [27] [28] [29] [30] [31] [32] and after the cobblestone stage (the second one involving a variant carrying the v6 epitope).
An analysis of the types of cells inhibited in LTBMC supported the idea of two steps of CD44 action. The nonadherent cells in the LTBMC are composed of mature myeloid cells, e.g., granulocytes and monocytes, and of hemopoietic precursors. We collected the nonadherent cells from LTBMC at various times after the start of mAb treatment and determined the number of clonogenic cells by growth in semisolid methyl cellulose. While 25-32 dramatically reduced the number of clonogenic cells (Fig. 1 C ) , VFF18 did not change the total number of myeloid progenitors in the LTBMC (Fig. 1 D ) . Obviously, VFF18 interferes with a later stage of myelopoiesis, e.g., myeloid maturation but not with stem cell proliferation, while 25-32 may act on an earlier step alone or on both steps.
Lineage-specific induction of CD44v4-v10 in leukemic progenitor cell lines. Within the CD34 ϩ /CD44
ϩ hemopoietic precursors, only a very small number of cells express the v6 epitope (28) . However, CD44v6 epitopes are detected on the surface of myeloid cells upon maturation and activation (9) . We also detected CD44v6 ϩ cells of myeloid origin in peripheral blood (data not shown); however, the numbers of these cells in blood are very low ( Ͻ 0.1%). We therefore decided to use the corresponding immature myeloid cell lines to elucidate a functional role for CD44v in the myeloid lineage. One of them, the myeloid cell line K562 expresses no CD44 proteins. N-terminal and exon v6 epitopes were detected by using mAb VFF18 (v6) followed by goat anti-mouse IgG-FITC F(abЈ) 2 or directly Cy-Chrome™-labeled mAb IM.7.8.1 (N-terminal). HA binding was measured using biotinylated HA (see Methods). Isotype controls or controls using nonbiotinylated HA are indicated on the x-axis (cutoff: 1% positive cells). (B) Exon run-on analysis of CD44 transcripts from KG-1 and K562 cells cultured in the absence or presence of PMA. PolyA ϩ RNA was isolated from untreated cells or cells treated for 36 h with PMA, and subjected to RT-PCR using CD44 exon 5 sense and exon 15 antisense primers (lane labeled CD44s, nomenclature as described [16] ). The amplified products were reamplified using CD44v exon-specific sense primers and a constant exon 15 antisense primer (22) . The resulting PCR products were resolved using a 1% agarose gel. The arrows indicate the size of the PCR products without insertion of variant exons (324 bp).
K562 cells react neither with a pan CD44 antibody nor with the CD44 exon v6 specific antibody (Fig. 2 A ) . HL-60 and the myeloid precursor-like cell line KG-1 express CD44s protein, as these cells react with the pan-specific antibody, but no exon v6 epitope can be detected (Fig. 2 A ) . Although these cell lines are apparently "frozen" in a precursor cell compartment, they can be induced to enter differentiation pathways. We asked whether the expression pattern of CD44 epitopes changes with differentiation. HL-60 cells are particularly useful because they can be induced to differentiate along several myeloid pathways (20, 29) , namely, macrophage-like cells, neutrophils, and eosinophils. PMA-induced differentiation of HL-60 cells along the monocyte/macrophage lineage (as judged by adhesion to plastic, Table I ) is matched with the upregulation of CD44, as determined by staining with an antibody recognizing an N-terminal epitope (24; Fig. 2 A , top , left histogram ) . Flow cytometric analysis also indicates the appearance of a v6 epitope (Fig. 2 A , middle histogram ) . In contrast, both retinoic acid and DMSO induced differentiation towards neutrophils (monitored by the ability of cells to reduce nitroblue tetrazolium) and led to loss of CD44 from the surface of cells (Table  I) , compatible with a similar reduction in CD44 expression during normal granulopoiesis (30) .
The notion from the HL-60 data that CD44 epitopes encoded by exon v6 appear during myeloid differentiation is confirmed by studies with KG-1 cells. PMA-induced myeloid differentiation of KG-1 cells also induces v6 epitope expression (Fig. 2 A ) . KG-1 cells spontaneously carry some N-terminal CD44 epitope, which is also upregulated upon treatment with PMA. Another differentiation pathway, namely, differentiation along the megakaryocytic lineage can be studied using K562 cells cultured in the presence of PMA (31, 32). Concomitantly with the appearance of the megakaryocytic marker CD41 (data not shown), N-terminal and CD44v6 epitopes appear on the cell surface (Fig. 2 A ) .
To evaluate exactly which CD44 isoforms are upregulated during differentiation, RT-PCR followed by a subsequent CD44 exon run-on analysis was performed (23). For the RT-PCR, primers complementary to sequences in exons 5 and 15 (constant exons outside the v exon region [33] ) were used. The result of the first amplification is shown in the outer right lane of Fig. 2 B. With RNA from K562 cells, bands of 324 bp (calculated size, if no v exon is inserted) and of ‫ف‬ 720, 820, and 1,050 bp were most prominent. In KG-1 and HL-60 cells, the yield was too low to allow size calculations. Since the efficiency of amplification decreases with distance between the primers, the abundance of larger bands is underestimated. K562 cells express only low levels of CD44s whereas KG-1 and HL-60 cells express CD44s and low levels of CD44v7-v10 (34; Fig. 2 B ) . After phorbol ester treatment large amounts of high molecular weight isoforms are detected in all cell lines (see Fig. 2, A and  B ) . Run-on analysis of the products generated by RT-PCR with primers from all variant exons allows the definition of which variant exon sequence is present in the amplification product and how they are aligned. In all investigated cell lines the major isoform induced by PMA treatment is CD44v4-v10. In addition, minor amounts of cDNAs encoding other, shorter isoforms that bear CD44v2, v3, v8, or v9 are detectable in K562, and CD44v2,v3 in KG-1 or v2 in HL-60 cells (Fig.  2 B ) . Thus, upon myeloid differentiation, leukemic progenitor cells upregulate CD44 promoter activity and acquire a splice pattern that predominately results in surface expression of CD44v4-v10.
Gain of CD44 variant-dependent HA binding. The occurrence of CD44 variants on progenitor cell lines after PMA treatment permit the exploration of molecular properties associated with CD44v4-v10, which could be relevant for the interaction of precursor cells with stromal cells and/or matrix components. HA is a major component of bone marrow extracellular matrix, and it has been shown previously that CD44 carries HA-binding motifs (35). We therefore tested the cells for HA binding.
KG-1 and K562 cells do not bind soluble HA spontaneously (Fig. 2 A , bottom panel ) . Whereas, in the case of K562 cells, this might be due to the absence of CD44, KG-1 cells appear to bear CD44 on their surface, which is apparently unable to bind to soluble HA. Strong binding to soluble HA is, however, achieved upon phorbol ester-induced differentiation of K562 and KG-1 cells (36; Fig. 2 A , bottom panel ) . Differences in HA-binding capacity might be due to differences in expression levels of CD44 between the two cell lines. Interestingly, HL-60 cells, which after phorbol ester treatment carry levels of CD44 v6 epitope comparable with KG-1 cells, do not bind to soluble HA. This lack of HA binding is not due to preoccupation of HA receptors with HA, since hyaluronidase pretreatment of cells did not restore HA binding (data not shown). It has been shown in other cell types that the presence of CD44 on the surface of cells does not necessarily lead to HA binding (1, 37, 38) . The CD44 variant isoform expressed on PMAtreated HL60 cells is obviously also not in an active HA-binding conformation, although the exon run-on analysis revealed that all PMA-treated cell lines express the same major isoform CD44v4-v10. Hence, additional postranslational modifications such as glycosylation might define HA-binding capacity in the myeloid cell lines.
Since CD44 is not the only protein that has potential affinity for HA, the surface levels of other known HA receptors on the progenitor cell lines, namely RHAMM (39) and ICAM-1 (40), were determined. A RHAMM-specific polyclonal antiserum did not bind to the surface of HL-60, KG-1, or K562 cells before and after PMA treatment (data not shown). ICAM-1 is not expressed on untreated HL-60 cells but upregulated upon PMA stimulation (data not shown), although these cells do not bind HA (Fig. 2 A ) . K562 and KG-1 cells express ICAM-1 spontaneously, and PMA treatment increases ICAM-1 expression in KG-1 (data not shown). To determine the contribution of the CD44 isoforms to HA binding, the HA-binding domain of CD44 was specifically blocked by using the mAb Hermes-1. Hermes-1 efficiently blocks the induced binding to HA of both KG-1 and K562 cells (Fig. 3) . The mAb Hermes-3 recognizes an epitope outside the HA-binding motif of CD44 and is unable to block HA binding (Fig. 3) . mAbs recognizing ICAM-1, RHAMM, or other epitopes of CD44 including those recognizing variant exons v5, v6, v7, and v10 also do not influence HA binding (data not shown).
In summary, the induced HA affinity of K562 and KG-1 cells is exclusively mediated by CD44, and, as will be shown below, HA binding is the function predominantly of CD44 variants. The presence of ICAM-1 does not confer HA-binding capacity. Although the binding to soluble HA is strongly enhanced by the presence of CD44 splice variants (41) and also is strongly upregulated here with the appearance of CD44v4-v10, we note that an anti-v6 antibody does not affect HA binding. Furthermore, cells must require a property in addition to the protein backbone structure of CD44v4-v10, e.g., an accessory protein or a modification of CD44, to bind HA.
CS-A is a specific ligand for CD44v4-v10. We have previously shown using a rat adenocarcinoma cell line that expression of larger CD44 variants containing exon v6 and v7 encoded epitopes expand their repertoire of binding to GAGs such as CS, heparan, and heparansulfate (42) . Since CS-A is a highly abundant matrix component of bone marrow, we examined binding of myeloid precursor cell lines to CS-A as this may be of significance in the process or regulation of progenitor differentiation. Untreated K562 and KG-1 cells, which do not express CD44 variant epitopes, do not bind CS-A. Upregulation of CD44v4-v10 isoform expression, monitored by the appearance of exon v6 epitope on the cell surface, is accompanied by gain of CS-A binding ability (Fig. 4 A) . Similar to the situation with HA, the binding motif for CS-A is in the N-terminal domain of CD44, and antibodies recognizing the v6 epitope are unable to block this binding (42) , whereas Hermes-1 the antibody that blocks HA binding by CD44 also blocks CS-A binding in PMA-treated K562 cells (Fig. 4 B) and KG-1 cells (data not shown).
To determine whether CS-A binding was specific for CD44v isoforms, GAG-associated proteins from phorbol ester-induced KG-1 cells were purified by CPC precipitation (see Methods), resolved by SDS-PAGE and analyzed by Western blotting using the mAb Hermes-3. The relative abundance of CD44 proteins staining with Hermes-3 can be judged from Fig. 4 C (lane 1) , which shows the separation of the cell lysate before precipitation (1/10 of volume subjected to CPC precipitation, Fig. 4 C) . Four protein bands are visible in cell lysates of KG-1 with apparent molecular weights of: 85,000 (the CD44s form), 120,000, 160,000, and 180,000. The larger protein bands may represent different variants or differentially modified proteins of CD44. Incubation of both HA or CS-A with cell lysates leads to CPC-precipitable material. HA associates with CD44s and with the high molecular weight variant CD44 isoforms in this assay (Fig. 4 C, lane 3) , although more high molecular weight isoforms seem to be precipitated. CPC precipitation is specific for GAG-associated proteins since, without the addition of GAG, no CD44 proteins are precipitated (Fig. 4 C, lane 2) . This finding suggests that the larger variants exhibit higher affinity to HA, especially when the ratio of CD44s and CD44v detected in a Western blot is compared with the ratio that binds to HA. On the other hand, CPC precipitation of protein after CS-A loading leads to almost exclusive precipitation of all large CD44 bands but hardly any CD44s (Fig. 4 C, lane 4) . Interestingly, the largest band barely visible in lane 1 is enriched in lane 4, obviously binding to CS-A particularly well.
We conclude that CD44v isoforms strongly enhance HAbinding capacity and almost exclusively confer CS-A binding ability on hemopoietic progenitor cell lines during differentiation. The presence of CD44 high molecular weight isoforms per se is not sufficient for binding to either GAG, since HL-60 cells induced to express CD44v levels equivalent to those of KG-1 or K562 cells do not bind GAGs.
CS-A and HA binding are modulated by N-glycosylation. HL-60 carry abundant levels of CD44 variants, but this is not sufficient to mediate affinity for GAGs, whereas this is the case for activated K562 and KG-1 cells. In previous experiments, we have been unable to find accessory proteins, which may facilitate GAG binding by CD44 (data not shown). We therefore examined whether modifications of CD44 proteins could be responsible for the affinity to GAGs. CD44 proteins are highly glycosylated (3, 4) and can be phosphorylated at cytoplasmic tail serine residues (43, 44) . Both modifications have been implicated in HA binding. We could not find any correlation of HA binding and phosphorylation of CD44 in the mye- loid cell lines, which we have used (data not shown); however, inhibition of N-linked glycosylation by tunicamycin reduced HA binding in differentiating K562 and KG-1 cells (Fig. 4 D) . CD44 surface levels and splicing were hardly changed in the case of K562 cells, but CD44 expression was reduced in case of KG-1 cells as judged by flow cytometry (Fig. 4 D) and exon run-on analysis (data not shown). CS-A binding was totally abolished in tunicamycin-treated cultures (Fig. 4 D) . In the case of K562 cells, the HA-, and CS-A-binding functions of CD44 are regulated by or dependent on N-glycosylation. This is supported by the finding that tunicamycin did not affect CD44 expression levels on K562 cells but inhibits GAG binding. Therefore, a qualitative change on CD44 molecules such as glycosylation is probably responsible for the changed binding behavior, although we cannot exclude an indirect mechanism of inhibition of CS-A or HA binding by tunicamycin.
HA-mediated adhesion of K562 and KG-1 cells to the bone marrow stromal cell line MS-5.
The acquired affinity to GAGs ubiquitously present in the bone marrow may help cells to adhere to a specific microenvironment. The specific component of the microenvironment is likely to be stromal cells, and we asked whether differentiating hemopoietic cells gain a CD44-dependent affinity for stromal cells. To assay for this property, we chose the bone marrow stromal cell line MS-5, which has been shown to support the growth of growth factor-dependent hemopoietic cell lines (45) . KG-1 and K562 cells do not adhere to MS-5 cells unless stimulated by phorbol ester. Both cell types then adhere, and K562 cells adhere particularly strongly (Fig. 5 A) as compared with KG-1 cells. This may indicate that CD44 variant isoforms are responsible for the interaction, as they are particularly abundant in K562 cells.
We investigated the molecular mechanism of the interaction of stromal cells with PMA-treated leukemic progenitor cells. Since MS-5 cells also express CD44s, one could envisage that the adhesion could be mediated by HA molecules bridging CD44 proteins on the stromal cells and on the progenitor cells. This has been shown to occur between keratinocytes and CD44 carrying tumor cells (46) . mAb Hermes-1, which blocks binding of HA to the PMA-treated K562 and KG-1 cells, was able to reduce the number of adherent cells (Fig. 5 B; data not shown), although, no total block could be achieved suggesting that other adhesion molecules participate in MS-5 and K562 interaction.
The presence of soluble HA or CS-A (0.5 mg/ml) during the adhesion assay did not abrogate binding of differentiated K562 or KG-1 cells to MS-5 cells (Fig. 5 A) , although HA but not CS-A induced self-aggregation of K562 or KG-1 cells leading to a clustered pattern of adhesion to MS-5 cells (not shown). Nevertheless, the presence of hyaluronidase during the adhesion assay abrogated binding dramatically (Fig. 5 A) , suggesting HA-dependent adhesion. We interpret these data to suggest that MS-5 cells present sufficient HA themselves, and therefore additional exogenous HA does not enhance adhesion, while K562 and KG-1 cells do not appear to synthesize HA as HA addition triggers self-aggregation.
The presence of 0.5 mM EDTA did not influence the adhesive properties of the cells (not shown). This excludes a contribution from integrins which mediate Ca 2ϩ -ion-dependent adhesion. Tunicamycin treatment of induced KG-1 or K562 cells destroys adhesion to MS-5 cells drastically (Fig. 5 A) , which matches with the finding that tunicamycin inhibits binding of soluble HA to CD44v and CD44s. We conclude that CD44 contributes to the HA-dependent adhesion of the myeloid precursor cell lines KG-1 and K562 to the bone marrow stromal cell line MS-5, and that binding is regulated by N-glycosylation.
The CD44v-mediated affinities for GAGs and stromal cells by differentiating progenitor cells may be of significance in regulating hemopoiesis. However, other CD44v-dependent interactions must also occur in the bone marrow to regulate myelopoiesis as the VFF18 antibody inhibits myeloid differentiation but does not inhibit CD44v-mediated GAG binding or stromal cell interaction (data not shown).
Discussion
CD44 has been shown to play a functional role during hemopoiesis. In mouse monoclonal antibodies to Pgp-1/CD44 block lymphopoiesis or myelopoiesis in LTBMC (47, 48) and deletion of CD44 by homologous recombination leads to a hematological impairment (49) . On the other hand, a LTBMC enhancing antibody recognizing canine CD44 (50) has been described. Other mAbs recognizing CD44 have diverse effects on hemopoiesis in humans (51) . These data show a role for CD44 proteins in hemopoiesis, although, it is not clear at which stages CD44 acts and which CD44 protein family members are involved.
The antibody blocking experiments presented in this paper suggest that CD44 proteins are required in at least two steps in human myelopoiesis. First, the mAb 25-32, which recognizes an N-terminal epitope on all CD44 proteins, inhibits an early step in the generation of progenitor cells. Second, the CD44 exon v6 specific antibody VFF18 blocks a later step in myeloid maturation but not the production of early progenitors. CD34 ϩ cells that express CD44 could be the target for inhibition by the mAb 25-32. Since the majority of CD34 ϩ /CD44 ϩ cells show no CD44v6 expression, it is likely that CD44s are the target for inhibition by CD44 pan mAb. Furthermore, the absence of the VFF18 epitope on the surface of the bulk of CD34 stem cells suggests that the function inhibited by VFF18 may not be required in the production of progenitors but rather in the transition towards the myeloid lineage. This view is supported by the finding that there exists a small subpopulation of myeloid lineage committed cells in human bone marrow that show expression of exon v10-containing CD44 isoforms (52) .
Leukemic hemopoietic progenitor cell lines mimic part of the process of normal myeloid maturation (20, 29) . We therefore studied cellular properties of such cell lines with respect to CD44 expression and function. If our findings with these progenitor cell lines are extrapolated to normal myelopoiesis, CD44 variant expression seems to function after entry into myeloid maturation. Myeloid differentiation of KG-1 and K562 cells leads to a CD44v-dependent increase in affinity to HA and CS-A. The strong or even exclusive binding of GAGs to CD44 variant isoforms is likely due to their ability to homooligomerize and to cluster in the plasma membrane (53) .
The same CD44 proteins expressed in different cells can be high affinity receptors for GAGs or nonbinders. In addition to the binding motif, covalent modifications are required to create high GAG affinity. In K562 cells, for example, a specific N-glycosylation seems to be necessary for GAG binding as suggested by tunicamycin inhibition experiments, consistent with observations in rat pancreatic carcinoma cells. This does not always seem to be the case. An increase in CD44-dependent HA binding by tunicamycin has recently been described (8, 54, 55) and also in our hands a murine T cell lymphoma (56) shows enhanced HA binding upon tunicamycin treatment, which might be due to the lack of negatively charged end-standing sugar residues (data not shown).
What could be the function in bone marrow of induced affinity to GAGs? There are a number of options. 1.) GAGs may serve to present growth factors or growth inhibitors. The CD44 variant proteins could bind GAGs together with their associated factors. This binding may allow presentation of the associated factors either to other cells or to high-affinity receptors on the cells carrying the variant. For instance, a growth factor relevant for hemopoiesis, GM-CSF, has been found in association with HA (57). 2.) The affinity of CD44v proteins for CS-A may allow binding of chondroitin sulphate-modified proteins carried by other cells or located in soluble form in the extracellular space. Candidates for such proteins are the CSmodified M-CSF (58), osteopontin (7), serglycin (59, 60) , and the invariant chain (61) . For osteopontin, serglycin, and the invariant chain, interactions with CD44 have been described. We propose that CD44v might interact in two ways with such proteins. The N-terminal part binds to the GAG portion, and the variant exon part interacts with the protein backbone determining the specificity. While the CD44v-mediated binding of CS-A is not inhibited by the v6-specific antibody, this latter interaction might well be blocked. 3.) GAGs could form the glue in cell-cell interactions through CD44. In the PMA-treated K562 and KG-1 cells, HA indeed causes cell-cell aggregation. These cells also acquire the ability to bind to the stromal bone marrow cell line MS-5 in a CD44-and HA-dependent manner. This phenomenon could also be of relevance for primary hemopoietic precursor cells in the bone marrow, since a subpopulation of CD34 ϩ /CD44 ϩ cells do bind HA (17) . Such a HA-and CD44-dependent cell-cell contact between progenitor cells and stromal cells might therefore be important for hemopoiesis.
Cell-cell contact through CD44 without the participation of GAGs is another interesting possibility that might be relevant in the bone marrow. CD44-mediated association of cells, for instance, has been reported between cells carrying CD44s and other cells expressing a CD44 variant isoform (62). A hybridoma cell line was shown to bind to HA-coated wells as well as to a stromal cell layer (48) . Also, this effect could be blocked by hyaluronidase treatment or by mAbs recognizing CD44. The only difference is that in our case exogeneously added HA did not block adhesion but rather induced clustering of PMA-activated cells. Therefore, a mechanism of direct CD44 interaction as has been suggested (62) might participate in cell adhesion in our case. Irrespective of the mechanism of cell-cell interaction, as a result, conditions favorable to differentiation may be created, perhaps by signalling to the stromal cells such that they release factors.
In conclusion, we have been able to define two discrete roles for CD44 during hemopoiesis. The first pathway involves CD44s and influences the production of progenitor cells. The second involves CD44 variant proteins bearing v6 and influences myeloid differentiation. We postulate that part of the role of CD44 in myeloid differentiation is to mediate binding to different GAGs. However, other as yet undefined roles for CD44 in myeloid differentiation must also exist.
Note added in proof:
During the preparation of this work, doubt came up on the relevance of ICAM-1 and RHAMM as cell surface HA-receptors (63) (64) (65) .
